Objective: This study reports on a novel brain pathology in young patients with frontal lobe epilepsy (FLE) that is distinct from focal cortical dysplasia (FCD). Methods: Surgical specimens from 20 young adults with FLE (mean age, 30 years) were investigated with histological/immunohistochemical markers for cortical laminar architecture, mammalian target of (mTOR) pathway activation and inhibition, cellular autophagy, and synaptic vesicle-mediated trafficking as well as proteomics analysis. Findings were correlated with pre-/postoperative clinical, imaging, and electrophysiological data. Results: Excessive lipofuscin accumulation was observed in abnormal dysmorphic neurones in 6 cases, but not in seven FCD type IIB and 7 pathology-negative cases, despite similar age and seizure histories. Abnormal dysmorphic neurones on proteomics analysis were comparable to aged human brains. The mTOR pathway was activated, as in cases with dysplasia, but the immunoreactivities of nucleoporin p62, DEP-domain containing protein 5, clathrin, and dynamin-1 were different between groups, suggesting that enhanced autophagy flux and abnormal synaptic vesicle trafficking contribute to early lipofuscin aggregation in these cases, compared to suppression of autophagy in cases with typical dysplasia. Cases with abnormal neuronal lipofuscin showed subtle magnetic resonance imaging cortical abnormalities that localized with seizure onset zone and were more likely to have a family history. Interpretation: We propose that excess neuronal lipofuscin accumulation in young patients with FLE represents a novel pathology underlying this epilepsy; the early accumulation of lipofuscin may be disease driven, secondary to as-yet unidentified drivers accelerating autophagic pathways, which may underpin the neuronal dysfunction in this condition.
T he cause of focal epilepsy syndromes, including frontal lobe epilepsies (FLEs), is being regularly advanced through clinical, genetic, and pathological studies. 1 Novel gene mutations have been recently identified; for example, DEPDC5 mutations are associated with familial FLE syndromes (familial focal epilepsy with variable foci 1,2 as well as cases of sporadic FLE and with pathologically proven focal cortical dysplasia (FCD). [3] [4] [5] Historically, studies of histologically defined malformations of cortical development in symptomatic epilepsies have significantly advanced identification of specific genetic defects and causative cellular pathways. 6, 7 FCD is a cortical malformation first recognized in an epilepsy surgical pathology series in 1971 8 and is now the commonest histologically confirmed malformation, with a predilection for the frontal lobe. 9 Although FCD mainly occurs sporadically, somatic or germline mutations in mammalian target of rapamycin (mTOR) pathway genes have now been reported by several groups. [10] [11] [12] There are currently nine subtypes of FCD, defined by their pathological characteristics of cytoarchitectural and associated abnormalities. 13 FCD type II (FCDII) is the best-defined subtype, characterized by dysmorphic neurones (FCDII type A; FCDIIA) and balloon cells (FCDII type B; FCDIIB). FCDIIB is generally associated with favorable outcome following surgical resection, 9 particularly when lesions are well defined on magnetic resonance (MR) imaging (MRI) and fully resected, with seizure-free outcomes as high as 75% 14 to 87.5%. 15 Multimodal investigation integrating neuroimaging, electrophysiological, and functional studies is advocated in the surgical planning of patients with focal epilepsies, including suspected FCD. 9 However, classical imaging features
are not always present in FLE resections. In this study of patients with FLE, we present evidence for a novel and distinct neuronal pathology, characterized by excessive lipofuscin accumulation in dysmorphic neurones. We hypothesized a primary abnormality in autophagy and compared multimodal investigations, including neuroimaging, electrophysiology, proteome, mTOR, and autophagic pathway analysis, to highlight the distinct characteristics of this pathology and determine the possible pathomechanism underlying this pathology.
Patients and Methods

Case Selection and Clinical Investigations
Twenty patients operated on over a 5-year period (2009) (2010) (2011) (2012) (2013) who had undergone surgical resections as a treatment of focal drug-resistant FLE were identified from the records of the UCL Epilepsy Society Brain and Tissue Bank (Supplementary Table  1 ). Surgical tissue was consented for use in research, and the study has ethical approval (National Research Ethics Service 12/ SC/0669). Cases with vascular malformations and tumors were excluded. Clinical records of patients, including their epilepsy history, family history, and psychometry, were reviewed. Preoperative brain MRI and positron emission tomography, electroencephalography (EEG), videotelemetry, psychometry, functional imaging, and intracranial EEG (IC-EEG) studies had been carried out according to the epilepsy surgical protocols at the National Hospital of Neurology and Neurosurgery and were reviewed in each case.
All patients were studied on the 3 Tesla (T) MRI scanner at the Epilepsy Society, Chalfont, UK. The MR protocol included T1-weighted, T2-weighted, and fluid-attenuated immersion recovery images using the standard epilepsy protocol for presurgical evaluation. 16 In all cases, strategies for implantation of subdural grids and/or depth electrodes were agreed at a multidisciplinary meeting and were carried out using methodologies, as previously reported. 17 In all patients studied, a putative epileptogenic zone was identified, and patients proceeded to resection of frontal lobe cortex and white matter, tailored according to integrated EEG, imaging, and functional imaging findings (Supplementary Table 1 ).
Neuropathology
Between two and five surgical samples were received from each case according to regions of differing ictal activity on IC-EEG and lesional abnormality if defined on MRI (Supplementary Table 1 ). Fresh specimens were orientated for photography, sliced, and, where available, samples of normal and macroscopically abnormal fresh tissues were snap frozen using liquid nitrogen. The remaining specimens were fixed in formalin for 24 hours and then further cut into 5-mm-thick tissue blocks. Histological and immunohistochemical investigations were then performed on all tissue blocks using methods as published in previous studies 18 (Supplementary Table 2 ). Immunolabelling was assessed qualitatively using a bright-field microscope (Nikon Eclipse 80i; Nikon Instruments, Tokyo, Japan). For the detection of autofluorescence, one 5-mm-thin section from each case was washed in phosphate-buffer solution for 5 minutes after xylene and alcohol immersions. Sections were then coverslipped using 4',6-diamidino-2-phenylindole containing mounting medium (Vector Laboratories Inc., Peterborough, UK). Autofluorescence was visualized using a fluorescent microscope with excitation wavelength at 470nm and detection at 520nm (Carl Zeiss Microscopy, LLC, Thornwood, NY).
Electron Microscopy
Electron microscopy (EM) was performed on 2 cases with abnormal neurones on periodic acid-Schiff (PAS) stain. Because abnormal cells were often only focally present in the tissue section, these abnormal regions were dissected from regions identified from the formalin-fixed, paraffin-embedded tissue blocks, processed for EM, and examined with a Philips CM10 electron microscope (Philips Electron Optics, Eindhoven, The Netherlands) and images acquired using a Megaview III digital camera and analySIS iTEM software (Olympus Soft-Imaging Solutions Corp., Lakewood, CO).
Proteomics
Frozen cortical samples from 5 selected cases (cases E1, E2, E8, E13, and E19) were processed for proteomic analysis. For each case, 10 sections of 14-mm thickness were cut on the cryostat and collected onto polyethylene terephthalate metal frame slides for laser capture microdissection (Leica, Milton Keynes, UK). One additional section was collected onto a microscopic slide (VWR International, Leicestershire, UK) and stained briefly in 0.1% toluidine blue (pH 4.5) solution for 5 seconds to identify the region of interest (ROI). Laser capture microdissection (LCM 700; Leica) was then carried out on the ROI of multiple sections per case to include abnormal, dysmorphic neurones in cases with excess focal neuronal lipofuscin (FNL) and those with FCDIIB, and neurones in pathology-negative cases until a total tissue area of 8 to 8.6mm 2 had been dissected and collected in a 0.5-ml Eppendorf tube (VWR International). Dissected samples were denatured using in-solution trypsin digestion and prepared for MSe label-free quantitative proteomics, as described previously. 19 Peptide identification was accepted if they could be established at 95% or greater probability. Quantity of proteins extracted was normalized against the total protein of each sample (fmol/ng) and then these values were compared between cases with FNL, pathology-negative, and FCBIIB cases using bioinformatics resources, DAVID (version 6. 
Results
Of the 20 cases with FLE included this study (Supplementary Table 1 ), 6 (E1-E6) showed the specific pathology we term focal neuronal lipofuscinosis (FNL). These cases were characterized by the presence of hypertrophic, pyramidal, or globoid cortical neurones resembling dysmorphic neurones (Fig 1A-P) . The cytoplasm of these neurones was markedly distended and ballooned with granular material on hematoxylin-eosin (H&E; Fig 1B) that was both PAS and Sudan Black positive, and autofluoresced at an excitation wavelength of 470nm ( Fig  1C-E ,P) consistent with neuronal lipofuscin. 20, 21 This abnormal storage material extended to the axon hillock in some dysmorphic neurons (Fig 1C,E, arrows) . We termed these cells dysmorphic neurones with excess lipofuscin (DN/L). The enlarged perikarya and abnormal dendritic polarity of DN/L were highlighted by nonphosphorylated neurofilament stains (SMI32), which showed intense labeling of cytoplasmic filaments marginalized to the periphery of the neurone, producing "ring-like" structures ( Fig 1F,L,N) . Combined PAS/SMI32 staining showed the location of the central granular, cytoplasmic PAS staining within peripherally arranged neurofilaments ( Fig 1G) . All PAS-distended neurones had strong labeling with antineurofilament antibodies. There were also interspersed normal-sized neurones with weak PAS cytoplasmic granular positivity, but without abnormal neurofilament distribution. Phosphorylated neurofilament (SMI31) was expressed in fewer DN/L than labeled with the SMI32 antibody, but a similar ring-like cellular pattern was still observed (Fig 1L, right) . DN/L were distributed across all cortical layers (E1, E3) or predominated in the deeper cortical layers (E2, E4-E6), but DN/L were not present in the white matter. In cases E1 and E3, a six-layered cortical architecture was indistinct (Figs 1A and 5L), whereas in other cases, as well as at the margins, DN/L appeared scattered in cortex with relatively preserved lamination. In case E3, DN/L were localized to the depth of one sulcus (Fig 5J-L) . Regions populated by DN/L were more extensive and readily evident on H&E-stained sections in cases E1 to E3 compared to cases E4 to E6, where changes were more subtle with scattered, less-frequent DN/L (Supplementary Table  1) . CD34, calbindin, and nestin markers did not label DN/L. In all 6 cases, glial fibrillary acidic protein labeling revealed a reactive superficial, or Chaslin's type, gliosis. No balloon cells were present. White matter and cortical myelination patterns were normal, as shown on myelin basic protein (SMI94) immunolabeling. Iba1 and CD68 immunolabeling revealed a mild upregulation of microglia in the regions with DN/L and inflammatory foci in relation to electrode track sites only. We did not observe any relationship between the electrode track injury sites and the cortex populated by DN/L (Supplementary Table 1 ). Focal, granular ubiquitin immunoreactivity was observed in a minority of cells in 4 cases with DN/L (E1-E3 and E5; Fig 1H,O) . Granular p62 cytoplasmic immunolabeling was only observed in cases E1 and E5 ( Fig 1I) , with some skein-like filamentous material noted in case E1 (Fig 1I, inset) . There was no AT8 labeling in any case. Immunohistochemistry using two anti-pS6 antibodies revealed intense cytoplasmic labeling in the majority of DN/L, especially when compared to adjacent or intervening normally sized, normally labeled neurones (Fig 1J,K) . DEPDC5 immunohistochemistry did not show evidence for strong labeling of DN/L compared to adjacent or intervening normal cortical neurones or glia (Fig 1K, inset) . EM was carried out on cases E1 and E2. In these sections, electron-dense deposits were observed filling the cytoplasm, associated with lipid and compatible with lipofuscin ( Fig 1M) .
In comparison to cases with FNL, no specific neuropathology was identified in the frontal lobe samples of 7 cases (E7-E13; pathology negative). Small amounts of PAS-positive cytoplasmic granules were observed in occasional neurons of these 7 cases, but no abnormal storage material was observed in DN or balloon cells using any of the stains, and cortical lamination was normal on neuronal nuclei (NeuN)-immunopositive sections. Inflammatory foci near sites of electrode track placements were noted. In 1 patient (E17), there was a small region of gliosis, possibly compatible with a previous traumatic lesion, but no definite contusion. Ubiquitin and p62 labeling revealed no specific labeling, except in case E11, where skein-like filamentous neuronal inclusions were observed. pS6-immunolabeled pyramidal and glial cells were occasionally scattered throughout the cortex of all cases, as previously described.
18 DEPDC5 did not show any distinct immunolabeling of neurones or glia, with only focal weak labeling of scattered pyramidal cells.
The remaining 7 cases in the series (E14-E20) showed typical pathology of FCDIIB, with DN in the cortex (Fig 2A) and hypomyelination of the underlying white matter with balloon cells. Neurofilament (SMI32) labeling did not reveal DN with ring-like expression of neurofilaments (Fig 2B) as observed in DN/L of cases with FNL. DN in FCDIIB cases did not have excess neuronal storage material, or excess PAS-or Sudan 
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Black-positive material, and showed minimal autofluorescence (Fig 2B-D) . A few balloon cells in FCDIIB cases showed some fine granular PAS-positive staining in the cytoplasm (Fig 2C) or sometimes at the margins of the cell (Fig 2C, inset) , reminiscent of the patterns reported in the cell culture of balloon cells, with accumulation of dense core lysosomes. 22 Balloon cells in FCDIIB cases also showed p62 immunopositivity, displaying both 
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Month 2016 6 nuclear ( Fig 2E) and intense cytoplasmic labeling patterns (Fig 2F) with dot-like intranuclear p62 inclusions noted (Fig 2E, inset) . In case E14, p62-positive DN were also observed. Ubiquitin immunoreactivity was not observed in balloon cells or DN.
No tangles or AT8 immunolabeling were observed in any of the cases. pS6 immunohistochemistry showed intensely labeled DN compared to balloon cells (Fig 2G) , as previously noted. 18 Prominent paranuclear aggregates with DEPDC5 were noted in the DN (Fig 2H) , with some cytoplasmic labeling as well as variable cytoplasmic granular staining of balloon cells (Fig 2H, inset) with occasional intranuclear dot-like inclusions. None of the cases in this series showed typical FCDIIA pathology. 13 Three archival FCDIIA cases from different cortical regions (Fig 2I-K) were reviewed for comparison to FNL. No DN/L were observed in any of the cases, although intense SMI32-immunopositive enlarged neurones were present. 
Proteomics Analysis
This was carried out on 2 cases with FNL (E1, E2), 2 pathology-negative cases (E8, E13), and 1 FCDIIB case (E19). One hundred fifty-nine proteins were identified in the proteomes of neurones in cases with FNL and pathology-negative cases. Expression of 76 proteins was found to be higher in DN/L in cases with FNL compared to neurones in pathology-negative cases (fold change, > 1; Fig 3A-D) . Most of the upregulated proteins in FNL cases were intracellular proteins, found in membrane-bounded organelles and vesicles. Twenty-four of the upregulated proteins in cases with FNL were lipofuscin-related proteins, which had been reported in a previous proteomic study that had extracted 49 major lipofuscin proteins from brain samples of a 64-year-old patient with Alzheimer's disease (AD) with Braak stage IV and Consortium to Establish a Registry for Alzheimer's Disease (CERAD) grade C and 2 normal aging donors of 85 (Braak I, CERAD grade 0) and 83 years (Braak II, CERAD grade 0). 23 This supported the impression of an excess of lipofuscin-related proteins in FNL. Upregulated proteins in FNL cases were noted to involve various pathways identified from pathway databases (p < 0.01). In particular, clathrin, dynamin-1, adaptor protein-2 (AP2), synapsin, syntaxin, synaptotagmin, and vesicle-associated membrane proteins are involved in synaptic clathrin-mediated vesicle pathways (p 5 0.004; Fig 3D) , which have roles in autophagy, phagosome, and lysosomal pathways. 24, 25 In contrast, these vesicleassociated proteins showed either no changes or fold decrease in FCDIIB compared to pathology-negative cases.
Further immunohistochemistry was carried out for clathrin and dynamin-1 in all cases with FNL, and pathology-negative (E7-E9) and FCDIIB cases (E13 and E17-E18; Fig 4A-I) . Using anti-clathrin antibodies specific for the c-terminus of the heavy chain (Fig 4) , strong granular immunopositivity was observed in the cytoplasm and axon hillocks of the majority of DN/L in cases with FNL, with a similar distribution to PAS (Fig 4A) . There were minor degrees of cytoplasmic positivity for clathrin in neurones in pathology-negative cases (Fig 4D) . In FCDIIB cases, very sparse clathrin-labeled DN were observed (Fig 4F) , and focal granular clathrin labeling of balloon cells, often distributed at the margins of the cytoplasm, was also noted (Fig 4G) . Anti-dynamin-1, specific for the c-terminus of dynamin-1, showed variable labeling in cases with FNL, with some unlabeled DN/L, whereas the majority showed cytoplasmic positivity ( Fig  4B-C) . Normal-appearing cortical neurones, including interstitial white matter neurones of normal morphology, were diffusely positive for dynamin-1 in pathologynegative cases (Fig 4E) . The DN in FCDIIB cases showed mainly intense cytoplasmic labeling (Fig 4H) , but balloon cells were strikingly negative, for dynamin-1 (Fig 4I) . Table 1 ) revealed no significant difference in mean age of onset of epilepsy in cases with FNL (11.8 years) compared to pathology-negative (8 years) and FCDIIB cases (9.2 years; p 5 0.29). Mean age at surgery was between 30 and 31 years in all three pathology groups. A family history of epilepsy in a first-degree relative was noted in 3 of 6 cases with FNL, but in none of the pathologynegative or FCDIIB cases. The preoperative MRI was abnormal in 5 of 6 cases with FNL, with subtle abnormalities in the cortical/white matter interface and blurring of the boundaries and cortical signal change (Supplementary Table 1 ; Fig 5) . In contrast, only 2 of 7 pathology-negative cases showed any cortical MRI abnormality, whereas 5 of 7 FCDIIB cases were abnormal, showing MRI features typical of FCDIIB, including the hallmark "transmantle" sign, in 2 cases (E18 and E19). IC-EEG recordings, using depth electrodes and/or subdural strips or grids, had been carried out preoperatively in all 20 cases, and in the majority of cases, separate samples were resected from regions of different activity including: (1) seizure focus/onset zone and (2) regions of secondary involvement (early and late spreading zones; Supplementary Table 1) . DN/L were noted in samples from the seizure onset site in 5 of 6 cases with FNL and also in regions with secondary EEG involvement in 2 cases. There was no significant difference in postoperative outcomes between the three groups, with 2 of 6 patients seizure free in the FNL group, compared to 6 of 7 in FCDIIB and 2 of 7 in the pathology-negative group (p 5 0.073), but this is a small series. It was not possible to comment on the completeness of resection in the majority of cases with FNL; in only 1 case with FNL (E3), the lesion was localized to the bottom of a sulcus and appeared to be completely resected during surgery, and this patient was seizure free postoperatively. There was no significant difference in the length of follow-up (range, between 2 and 6 years) between the three groups.
Clinical Investigations and Outcome
A review of clinical data (Supplementary
Discussion
We describe a novel neuropathological finding in youngadult patients with focal epilepsy localizing to the frontal lobe, characterized by excessive lipofuscin accumulation within dysmorphic-appearing neurones. The proteome of DN/L in cases with FNL compared to neurones in pathology-negative FLE cases revealed increased lipofuscin-related proteins, comparable to the patterns noted in aged and AD human brains. FNL was typically associated with more-subtle cortical MRI abnormalities compared to FCDIIB, was present in the active seizure onset site, and was associated with a family history of epilepsy in half the cases. Although several histological features initially suggested a cortical dysplasia, this pathology appeared distinct from FLE with typical FCDIIB. We propose that this represents a distinct neuronal pathology in focal epilepsy involving the frontal lobe and is secondary to enhanced cellular autophagy.
FNL Is Distinct From FCDIIA and IIB FCDIIB more commonly arises in the frontal lobes based on ascertainment from epilepsy surgical series. 26 Hallmark features typical of FCDIIB (presence of balloon cells and dysmorphic neurones) were also observed in one third of our FLE patients. Although no frontal FCDIIA cases were present in this series, a comparison with FCDIIA from other regions was made. Several lines of evidence in our study suggest that FNL is a distinct pathology from FCDIIA and IIB: (1) presence of excess neuronal lipofuscin (confirmed through histological stains, electron and fluorescent microscopy, proteomics where possible), which was not evident in FCDIIA and IIB or pathology-negative cases, despite patients having similar ages and duration of epilepsy; (2) ring-like rearrangement of neurofilaments in DN/L surrounded the accumulation of lipofuscin and was never observed in DN of FCDIIA and IIB (but we have observed this in neuronal storage disorders (as illustrated in Fig 2L) ; (3) DN/L of FNL cases were confined to the cortical layers and did not "trail" into the underlying white matter, unlike FCDIIA and IIB; (4) expression patterns of ubiquitin, p62, clathrin, and dynamin-1 were different in abnormal cell types in FNL compared to FCDIIB cases; and (5) , with 86% of FCDIIB cases becoming seizure free compared to 33% of cases with FNL. Furthermore, there were no "overlap" cases to suggest that cases with FCDIIB will accumulate FNL over time or that cases with FNL will develop FCDIIB.
Abnormal Autophagic and mTOR Pathways in FNL
Lipofuscin is composed of approximately two thirds proteins, one third lipid, and a small amount of carbohydrates and metals. 27 Though the number of cases in this analysis is small, with the possible exclusion of some proteins insoluble to trypsin digestion, our proteomic studies nevertheless revealed an upregulation of lipofuscin-related proteins in the DN/L in cases with FNL, reinforcing findings in our immunohistochemical and EM studies. Previous proteomic studies of lipofuscin in the postmortem aging human brain (from the ninth decade) detected abnormalities of mitochondrial, cytoskeletal, and membranous proteins. 23 Consistently, these proteins were also observed in high levels in our proteomic analysis of DN/ L in cases with FNL, and yet these patients in our series were only in their third to fourth decades. Thus, the advanced accumulation of lipofuscin in DN/L of young patients with FNL appears not to be age related, but disease linked. Lipofuscin accumulation is a normal physiological process of the aging cell, 28 where accumulation is attributed to incomplete digestion of proteins and lipids over the cell life span. However, upregulation of lipofuscin-related proteins in young patients with FNL in this study may be attributed to impairments to the autophagic pathway. Autophagy in normal cellular homeostasis enables removal or recycling of damaged proteins and organelles and is an essential mechanism for cell survival. 29 Impaired autophagy is implicated in several neurodegenerative diseases. 32 p62 is an ubiquitin-binding protein and a substrate of autophagy, and its levels are inversely associated with autophagy flux. 30, 31 In this study, we observed infrequent labeling of DN/L with p62 in cases with FNL, in contrast to the frequent strong expression in abnormal cells of FCDIIB cases. These findings are consistent with previous studies, which reported p62 labeling in the nucleus of balloon cells, but not DN, and absent ubiquitin expression in balloon cells, 22 and another study, which reported nuclear and cytoplasmic p62 labeling in both balloon cells and DN in FCDIIB, colocalizing with ubiquitin. 32 These observations support impaired autophagy cellular mechanisms operating in FCDIIB, in contrast to evidence for enhanced autophagy flux, resulting in excess lipofuscin accumulation, in cases with FNL (Fig 6) . mTOR is a nutrient-responsive kinase, and it is one of the major inhibitors of autophagy. 28 When the intracellular concentrations of growth factors/nutrients (carbohydrate, amino acid, and adenosine triphosphate [ATP]) are high, the mTOR pathway is activated and autophagy is inhibited: mTOR complex 1 (mTORC1) will phosphorylate the transcription factor, TFEB, to prevent its translocation to the nucleus. Conversely, during starvation, mTORC1 is inhibited, to allow autophagy to begin; but during prolonged starvation, mTORC1 is reactivated and autophagic lysosome reformation (ALR) is initiated. 33 39 Activation of mTOR has also been more widely implicated in different epilepsy pathologies 18 and epileptogenic mechanisms. 40 In this study, we again utilized pS6 as a reliable marker of the activated mTOR pathway, 36 and the strong immunoreactivity for pS6 supported mTOR pathway activation in the DN/L of cases with FNL. In general, we observed less labeling in the abnormal cell types of cases with FNL for DEPDC5 protein compared to labeling observed in FCDIIB, suggesting differences in pathway activation. In FCDIIB, the net effect of mTOR activation is suppression of autophagy, 22 but this appears to be overridden in cases with FNL by as-yet unidentified drivers of autophagy (Fig 6) . Future genetic studies will need FIGURE 6: Possible pathways of abnormal autophagy in cases with frontal lobe epilepsy case with excess neuronal lipofuscin (FNL) compared to frontal cortial dysplasia type IIB (FCDIIB). Normally, inactivation of mammalian target of rapamycin (mTOR) activity leads to lysosomal biogenesis and autophagy, a process where autophagosomes fuse with lysosomes to degrade intracellular materials. In FCDIIB, there is mTOR activation with resultant suppression of autophagy (top row). In FNL, despite mTOR activation, there is enhanced autophagy. mTOR, in this pathology, may enhance the process of autophagy lysosome reactivation (ALR), which is clathrin dependent, leading to excess cellular clathrin as well as prolonging inhibition of autophagy, resulting in accumulation of nondegraded materials at various stages of autophagy or ALR processes, thus increasing formation of lipofuscin. Clathrin-coated vesicles and trafficking (yellow); lysosomes (green); lipofuscin cellular accumulation (dark red); and cytoplasmic neurofilaments (orange). PAS 5 periodic acid-Schiff.
to be conducted to determine whether there are any specific mutations directly driving mTOR pathway activation in FNL.
Evidence for Abnormal Clathrin-Mediated Vesicle Formation and Trafficking in FNL Proteomic studies showed that DN/L in cases with FNL had higher amounts of clathrin and its interacting proteins compared to pathology-negative cases. Elevated clathrin levels have previously been reported in the normal aged human brain. 23 We confirmed this finding with immunohistochemistry, which showed prominent labeling of DN/L with anticlathrin antibodies compared to normal neurones and DN in FCDIIB, with only focal, marginal labeling of balloon cells noted. Clathrin and its adaptor proteins regulate receptor-mediated endocytosis by stabilizing the small invaginations of the plasma membrane used to retrieve or absorb specific membranous ligands and receptors. Clathrin is integral to the formation of the preautophagosome in autophagy, 41 to neurotransmitter recycling at the nerve terminal 42, 43 as well as during ALR, where tubules and vesicles are extruded from autolysosomes in a clathrin-and phosphatidylinositol-4,5-bisphosphate-dependent manner to reform lysosomes. 25, 44 Expression of clathrin on mature lysosomes has previously been reported, and it is believed that this interaction facilitates the retrograde transport of materials out of the lysosomes to maintain homeostasis. 45 The increased cellular expression of clathrin in cases with FNL may mark the presence of increased numbers of unprocessed clathrincontaining preautophagosomes, or autophagosomes, or the clustering of clathrin on lysosomes (following ALR and lysosomal retrograde transport) as a result of prolonged autophagy attenuation in DN/L (Fig 6) . Clathrin dysregulation may be pivotal to the observed cytopathology in cases with FNL and, given that clathrin-mediated endocytosis is also involved in neurotransmitter trafficking at the presynaptic terminal, fluxes in cellular levels could potentially influence neuronal activity and have a direct role in excitability. Dynamin-1 is a central nervous system-specific GTPase essential for clathrin-mediated endocytosis and vesicle trafficking. Dynamin-1 protein was also increased in protein fractions of cases with FNL. Dynamin-1 also has roles in autophagic pathways and activity-dependent synaptic vesicle recycling. 46 Intriguingly, cytoplasmic negativity was observed in a subpopulation of DN/L cells, as well as striking negativity in balloon cells, which could indicate a specific cellular dysfunction of dynamin-1 linking these pathologies. Genetic mutations of DNM1, which encodes dynamin-1, have been recently recognized in epileptic encephalopathies 47 and cause epilepsy in experimental models 48, 49 and further investigation in cases with FNL and FCDIIB is warranted.
In conclusion, we have identified a novel neuropathological abnormality in FLE patients, mimicking a cortical dysplasia, but distinct, from recognised types of FCDIIA or IIB, as supported by histological and proteomics analysis. We have demonstrated abnormalities in autophagic pathways, which have likely resulted in the observed neuronal dysmorphism. The findings from this study have highlighted a family history in cases with FNL, which could signify an underlying genetic predisposition to FNL. Future work will be directed to identify candidate genes/pathways. This study also identifies further lines of investigation of genes regulating autophagy and vesicle trafficking that may underpin this pathology, its contribution to epileptogenesis, and lead to identification of novel therapeutic targets.
